ABSTRACT. This paper aims to disclose the effects of weld size on hot spot stress in the calculation of fatigue performance of the joints. For this purpose, the author explored the hot spot stress of CHS-CFSHS T-joints, which consists of circular hollow section (CHS) braces and concrete-filled square hollow section (CFSHS) chords. After reviewing the previous studies and the relevant specifications on weld size, the author probes into the effects of weld size on the stress concentration factor (SCF) of CHS-CFSHS joints via finiteelement analysis. The analysis show that the weld size directly affected the hot spot stress in both conditions, and the influence laws were largely the same; with the increase of weld size, the brace-side SCF plunged when the chordsize weld size remained the same, but the chord-side SCF changed slightly when the brace-side weld size was constant; the brace-side and chord-side SCF declined when the brace-side and chord-side weld sizes increased by the same amount. This research successfully determined the weld sizes that are consistent with the relevant specifications, and safe and simple to apply in actual engineering.
INTRODUCTION
he concrete-filled steel tube (CFST) is a composite member consisting of a steel tube infilled with concrete. With high bearing capacity, good seismic property, strong fire resistance and short construction period, this new structure can satisfy the various needs of modern engineering structures, such as large-span, high altitude, T overloading and industrialized construction [1, 2] . As a result, the CFST has been extensively applied to build complex structures like industrial plants, high-rise buildings and large-span bridges. The superiority of the CFST is partially attributable to its welded joints. Compared to other types of joints, the CFST's welded joints have a simple and neat appearance, with no protruding node, a clear force transmission line, a simple and easy-to-maintain structure. The static strength, stiffness, seismic property and fatigue performance of the welded joints are critical to the overall state of the CFST. For instance, the fatigue performance of the joints directly bears on the structural safety of bridges and offshore platforms, which are subjected to long-term alternating loads, and the service life of highrises and other structures under long-term wind loads. Over the years, various methods have been developed to evaluate the fatigue performance of steel tube joints. Among them, hot spot stress stands out as the most popular and successful strategy for fatigue calculated of welded tube joints [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Nevertheless, there is not yet a consensus on the effects of weld size on hot spot stress in the calculation of fatigue performance of the joints. To solve the problem, this paper explores the hot spot stress of CHS-CFSHS T-joints, which consists of circular hollow section (CHS) braces and concrete-filled square hollow section (CFSHS) chords. The T-joint is commonly used in engineering practice. It is the building block of complex 2D and 3D joints. After reviewing the previous studies and the relevant specifications on weld size, the author probes into the effects of weld size on the stress concentration factors (SCF) of CHS-CFSHS joints via finite-element analysis.
LITERATURE REVIEW
o far, there is no agreement on the impacts of weld size on the SCF of welded joints. Some hold that the extrapolated SCF is not affected by weld size, because the extrapolation region is far enough from the weld toe. This view is reflected in the SCF formula for pure CHS joints in Reference [6] , which does not consider the impact of weld size. Some believe that the weld size has a certain effect on the SCF of the welded joint, as evidenced by the SCF formula in Reference [3] . Below are two representative studies concerning the effect of weld size on the SCF of welded joints. Wingerde conducted a finite-element modeling of fillet weld and full penetration butt weld of different sizes, aiming to disclose the effects of weld size on the SCF of SHS joints (Fig. 1) . The modeling reveals that the brace-side SCF of fillet weld was 1.4 times that of the butt weld, while the chord-side SCF of the two types of weld was almost the same. Through finite-element analysis, Zheng Hongzhi examined the SCF of CHS-SHS joints under the different sizes of fillet weld, partial penetration butt weld, and full penetration butt weld [16] . To obtain the brace-side SCF of the joints with full or partial penetration weld, the weld size-brace wall thickness ratio was taken as a dimensionless factor in the finiteelement model, while brace-side weld size was maintained equal to the chord-side weld and subjected to four changes on four levels ( Fig. 2(a) ). To acquire the chord-side SCF of the joints with full or partial penetration weld, the weld size was set to the same level as that in the model of Wingerde for full penetration butt weld ( Fig. 1(b) ). The SCF of the joints with fillet weld was computed by the finite-element model in Fig. 2(b) , where both brace-side and chord-side sizes of the fillet weld were 1.2tl. The theoretical SCFs obtained by Zheng were the upper limits of the corresponding joint. Nevertheless, the weld size-brace wall thickness ratio must be considered before computing the brace-side SCF of the joints with full or partial penetration weld. This complicates the computing process and adds to the difficulty of engineering application. 
RELEVANT SPECIFICATIONS
he current calculation method for hot spot stress adopts the minimum distance between the extrapolation region and the weld toe, seeking to eliminate the impact of the local shape of the weld. Mechanically speaking, the weld size has a positive correlation with the distance between the extrapolation region and the intersection area, the most obvious variation place of stiffness. In other words, the SCF tends to decline with the increase in the weld size. Hence, it is assumed here that the weld size does have an impact on the SCF. The range of weld size must be determined before studying the effect of weld size on the SCF of welded joints. Below is a review of the relevant specifications on weld size.
(1) For welded joints directly under fatigue load, the Technical Specification for Structures with Steel Hollow Sections (CECS 280:2010) [17] stipulates that the partial or full penetration weld should be adopted if the brace wall thickness t is greater than 8mm; the fillet weld can be used if the brace wall thickness is smaller than or equal to 8mm (Article 8.28).
(2) For tubular T-joints with full penetration weld, the Technical Specification for Welding of Steel Structure of Building (JGJ 81-2002) [18] stipulates that the minimum weld size should be w0=0.5t1 at the chord-side and w1=6mm+0.767t1 at the brace-side (Article 4.3.6-1), where t1 is the brace wall thickness. That is, the minimum weld size-brace wall thickness ratio remains at 0.5 at the chord-size, and changes at the brace-side with brace wall thicknesses. Moreover, the ratio of weld-size to brace wall thickness should fall in 1.14~2.27 if the brace wall thickness varies between 4mm and 16mm (the brace wall thickness should not exceed 16mm) (Article 4.3.6-1). (3) For tubular T-joints with fillet weld, the Technical Specification for Structures with Steel Hollow Sections (CECS 280:2010) [17] stipulates that the weld thickness should not be smaller than brace wall thickness t1 (Article 8.2.8) and should not exceed twice the brace wall thickness (Article 7.1.1-4); the Code for Design of Steel Structures (GB 50017-2013) [19] stipulates that the ratio of brace-side weld size to chord-side weld size can be 1: 1 (Article 8.2.8). In the rightangle fillet weld, the fillet weld size should be about 1.4 times of the weld thickness. In other words, the fillet weld size should not be smaller than 1.4t1, should not be greater than 2t1, and must not be greater than 2.8t1, where t1 is the brace wall thickness. (4) For tubular T-joints with partial penetration weld, the Technical Specification for Structures with Steel Hollow Sections (CECS 280:2010) [17] stipulates that the fatigue performance of the weld should be the same as that of fillet weld, that is, the weld size should not be smaller than 0.5t1 at the chord-side or smaller than 1.73t1 at the brace-side, where t1 is the brace wall thickness.
FINITE-ELEMENT ANALYSIS
Finite-element model eld configuration. Fig. 3 presents the three possible welds for the brace and chord of welded tube joints, namely, full penetration weld, partial penetration weld and fillet weld. Wingerde examined the weld configuration by finite-element method, suggesting that the effect of different weld configurations on the SCF is negligible [3] . Zheng Hongzhi also applied finite-element method to examine the impacts of different weld configurations on the SCF and concluded that the SCF of full penetration weld is less than 10% greater than that of the other two configurations under the same weld size and dimensionless parameters [16] . For reliability and accuracy, the three types of welds are all modeled according to the configuration of full penetration weld in this research (Fig. 3(a) ). Calculation parameters and working condition. A total of six finite-element models (WT1~WT6) were established with b0=200, d1=80, t0=10, t1=5, β=0.4, 2γ=20 and τ=0.5, according to the relevant specifications on weld size of tube joints and the empirical range of influencing parameters of steel tubular joints β=d1/b0, 2γ=b0/t0 and τ=t1/t0. In WT1 and WT2, w0/t1 was set to 0.5 and w1/t1 was set to 1.2~2.0; In WT3 and WT4, w0=w1, and w1/t1 was set to 1.2~1.8; In WT5 and WT6, w1/t1 was set to 1.8 and w0/t1 was set to 0.5~1.0. Fig. 4 and Fig. 5 respectively explain the meanings of β, 2γ and τ, and the calculated SCF positions, where w0 is the chord-side weld size and w1 was the brace-side weld size. Given the symmetry of joints, a half finite-element model was constructed on the finite-element software Abaqus [20] . The steel tube was meshed into incompatible mode eight-node brick elements (C3D8I) and the concrete into eight-node brick elements with reduced integration (C3D8R). The face-to-face discrete method was employed to simulate the contact between steel tube and concrete. The normal contact was simulated as hard contact, and the tangential bond and slip were modeled with the Kulun friction model whose friction coefficient was set to 0.35. Our purpose is to acquire the SCF of CFST joints under the normal working condition, rather than the bearing capacity of these joints. Thus, the monotonic constitutive relation of concrete is not considered here. The elastic modulus was set to E＝2.05×105MPa (steel tube) and 3.45×104MPa (concrete), and the Poisson's ratio was set to ν＝0.3 (steel tube) and 0.2 (concrete).
To disclose of the effect of the weld size, the two ends of all models were constrained by the same hinged connection; the steel grade was set to Q345; the strength of the filled concrete was set to C50; the friction properties were the same between steel tube and concrete. For accuracy and efficiency, the grid size of finite-element modeling was determined in light of the previous studies (Fig.  6) . The braces of all models were subjected to axial tension and in-plane bending moment (Figs. 7 and 8 ). The joints were in elastic phase throughout the simulation according to the rule of fatigue failure. 
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Results and analysis
Tabs. 1 and 2 show the SFC results in Conditions 1 and 2 respectively, According to the SCF calculation method in the existing achievements [16, 21] . The following conclusions were drawn from the SCF results.
Joints w0/t1 w1/t1 First, the weld size directly affected the hot spot stress in both conditions, and the influence laws were largely the same. Second, the chord-side weld size was all 0.5t1, while the brace-side weld size was 1.2t1, 1.8t1 and 2.0t1, respectively, in WT1, WT5 and WT2. In both conditions, the brace-side SCF plunged with the increase of brace-side weld size, while the chord-side SCF changed slightly less than 5%. Fig. 9(a) illustrates the effect of weld size on the SCF in Condition 1. The effect of weld size in Condition 2 was similar to that in Condition 1. This is because the increase in brace-side weld size pushed the brace-side extrapolation region away from the stress hotspot, leading to reduced hot spot stress obtained by extrapolation.
Third, the weld size in WT3 was 1.2t1 at both brace-side and chord-side, and that in WT4 was 1.8t1 at both brace-side and chord-side. In both conditions, the SCF in WT3 surpassed that in WT4 at both brace-side and chord-side. Fig. 9 (b) depicts the effect of fillet weld size on the SCF in Condition 1. The effect of fillet weld size in Condition 2 was similar to that in Condition 1. The results demonstrate that the brace-side and chord-side SCFs declined when the brace-side and chord-side weld sizes increased by the same amount. Fourth, WT5 and WT6 shared the same weld size at the brace-side, but WT5 had half the weld size of WT6 at the chordsize. In both conditions, the SCF decreased slightly with the increase of weld size at the chord-size, and increased at the brace-side. Fig. 9 (c) describes the effect of fillet weld size on the SCF in Condition 1. The effect of fillet weld size in Condition 2 was similar to that in Condition 1. The effects can be explained as follows: With the growth in chord-side weld size, the angle between weld surface and brace wall expanded, adding to the slope of the transition area between the weld and the wall.
RECOMMENDED WELD SIZES
hrough the simulation of six models, it is clear that the joint SCF is indeed affected by weld size. This section attempts to recommend rational weld sizes for engineering practice. The idea of Wingerde fails to ensure the safety of brace-side SCF for full penetration butt weld, while the idea of Zheng Hongzhi complicates the SCF calculation with the consideration of brace-side minimize weld size. Considering the relevant specifications, the author recommended the following weld sizes which are easy to compute and implement. First, the chord-side SCF of full or partial penetration weld joints increased significantly with the decrease of chord-side weld size, but insensitive to the variations in brace-side weld size. In actual projects, the weld size should be minimized at chord-side and set to a common size at brace-side ( Fig. 10(a) ). The chord-side SCF calculated of our finite-element model is the upper limit of the actual chord-side joint SCF. Thus, it is safe for engineering application. Second, the brace-side SCF of full or partial penetration weld joints was almost the same as that at chord-side, because the joint SCF increased with the decrease of weld size. Thus, both brace-side and chord-side weld sizes were 1.2t1 ( Fig. 10(b) ). The brace-side SCF calculated of our finite-element model is the upper limit of the actual brace-side joint SCF. Thus, it is safe for engineering application. Third, the fillet weld size was set to 1.2t1 for simplicity and applicability, because the SCF of fillet weld joints grew with the decrease of weld size. The size was the same as that for computing the brace-side SCF of joints connected by full or partial penetration weld (Fig. 10 (c) ). The SCF calculated from our finite-element model is the upper limit of the actual fillet weld joint SCF. Thus, it is safe for engineering application. 
CONCLUSIONS
inite-element analysis reveals that the weld size directly affected the hot spot stress in both conditions, and the influence laws were largely the same. With the increase of weld size, the brace-side SCF plunged when the chordsize weld size remained the same, but the chord-side SCF changed slightly when the brace-side weld size was constant. Brace-side and chord-side SCF declined when the brace-side and chord-side weld sizes increased by the same amount. The recommended weld sizes are consistent with the relevant specifications and safe and simple to apply in actual engineering. T F
